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1 Executive Summary

The National Energy Research Scientific Computing Center (NERSC) is the primary
computing center for the DOE Office of Science, serving approximately 5,000 users working
on some 700 projects that involve nearly 600 codes in a wide variety of scientific
disciplines. In addition to large-scale computing and storage resources NERSC provides
support and expertise that help scientists make efficient use of its systems.

In October 2013 NERSC, DOE’s Office of Advanced Scientific Computing Research (ASCR)
and DOE’s Office of Basic Energy Sciences (BES) held a review to characterize High
Performance Computing (HPC) and storage requirements for BES research through 2017.
This review is the tenth in a series that began in 2009 and it is the second for BES. The
report from the previous BES review is available at http://www.nersc.gov/science/hpc-
requirements-reviews/target-2014/.

The latest review revealed several key requirements, in addition to achieving its goal of
characterizing BES computing and storage needs. High-level findings are:

1. Scientists will need access to significantly more computational and storage
resources to achieve their goals and reach BES research objectives.

2. Users will need assistance from NERSC to prepare for Cori (NERSC-8) and follow-on

manycore systems.

Research teams need to run complex jobs of many different types and scales.

4. BESisaleader in innovative use of HPC and requires a diverse set of resources and
services from NERSC.

5. BES facilities need computational analysis and data storage resources beyond what
they can provide.

w

This report expands upon these key points and adds others. The results are based upon
representative samples, called “case studies,” of the needs of science teams within BES. The
case study topics were selected by the NERSC meeting coordinators and BES program
managers to represent the BES production computing workload. Prepared by BES
workshop participants, the case studies contain a summary of science goals, methods of
solution, current and future computing requirements, and special software and support
needs. Also included are strategies for computing in the highly parallel “many-core”
environment that is expected to dominate HPC architectures over the next few years.
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2 DOE Basic Energy Sciences Mission

Basic Energy Sciences (BES) supports fundamental research to understand, predict, and
ultimately control matter and energy at the electronic, atomic, and molecular levels in order
to provide the foundations for new energy technologies and to support DOE missions in
energy, environment, and national security. The BES program also plans, constructs, and
operates major scientific user facilities to serve researchers from universities, national
laboratories, and private institutions. The BES program funds work at more than 160
research institutions through the following three Divisions:

* Materials Sciences and Engineering Division
e Chemical Sciences, Geosciences, and Biosciences Division
e Scientific User Facilities Division

The Materials Sciences and Engineering (MSE) Division supports fundamental experimental
and theoretical research to provide the knowledge base for the discovery and design of new
materials with novel structures, functions, and properties. This knowledge serves as a basis
for the development of new materials for the generation, storage, and use of energy and for
mitigation of the environmental impacts of energy use.

The Chemical Sciences, Geosciences, and Biosciences (CSGB) Division supports
experimental, theoretical, and computational research to provide fundamental
understanding of chemical transformations and energy flow in systems relevant to DOE
missions. This knowledge serves as a basis for the development of new processes for the
generation, storage, and use of energy and for mitigation of the environmental impacts of
energy use.

The Scientific User Facilities (SUF) Division supports the R&D, planning, construction, and
operation of scientific user facilities for the development of novel nano-materials and for
materials characterization through x-ray, neutron, and electron beam scattering; the former
is accomplished through five Nanoscale Science Research Centers and the latter is
accomplished through the world's largest suite of synchrotron radiation light source
facilities, neutron scattering facilities, and electron-beam microcharacterization centers.
These facilities provide unique capabilities to the scientific community and are a critical
component of maintaining U.S. leadership in the physical sciences. Annually, more than
15,000 scientists and engineers in many fields of science and technology visit the BES user
facilities.

The energy systems of the future - whether they tap sunlight, store electricity, or make fuel
from splitting water or reducing carbon dioxide - will revolve around materials and
chemical changes that convert energy from one form to another. Such materials will need to
be more functional than today’s energy materials. To control chemical reactions or to
convert a solar photon to an electron requires coordination of multiple steps, each carried
out by customized materials with designed nanoscale structures. Such advanced materials
are not found in nature; they must be designed and fabricated to exacting standards using
principles revealed by basic science.

Large Scale Computing and Storage Requirements for Basic Energy Sciences: Target 2017 6



This report highlights the growing need for state-of-the-art computational resources
through such activities as the interagency Materials Genome Initiative, advanced simulation
capabilities in Geoscience, and enhanced analysis and real-time simulation of data from the
BES suite of user facilities.

T U.S. Department of Energy Strategic Plan, May 2011
(http://energy.gov/sites/prod/files/2011_DOE_Strategic_Plan_.pdf)
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3 About NERSC

The National Energy Research Scientific Computing (NERSC) Center, which is supported by
the U.S. Department of Energy’s Office of Advanced Scientific Computing Research (ASCR),
serves more than 5,000 scientists working on over 700 projects of national importance.
Operated by Lawrence Berkeley National Laboratory (LBNL), NERSC is the primary high-
performance computing facility for scientists in all of the research programs supported by
the Department of Energy’s Office of Science. These scientists, working remotely from DOE
national laboratories; universities; other federal agencies; and industry, use NERSC
resources and services to further the research mission of the Office of Science (SC). While
focused on DOE's missions and scientific goals, research conducted at NERSC spans a range
of scientific disciplines, including physics, materials science, energy research, climate
change, and the life sciences. This large and diverse user community runs hundreds of
different application codes. Results obtained using NERSC facilities are citied in about 1,500
peer reviewed scientific papers per year. NERSC activities and scientific results are also
described in the center’s annual reports, newsletter articles, technical reports, and
extensive online documentation. In addition to providing computational support for
projects funded by the Office of Science program offices (ASCR, BER, BES, FES, HEP and NP),
NERSC directly supports the Scientific Discovery through Advanced Computing (SciDAC?)
and ASCR Leadership Computing Challenge? Programs, as well as several international
collaborations in which DOE is engaged. In short, NERSC supports the computational needs
of the entire spectrum of DOE open science research.

The DOE Office of Science supports three major High Performance Computing Centers:
NERSC and the Leadership Computing Facilities at Oak Ridge and Argonne National
Laboratories. NERSC has the unique role of being solely responsible for providing HPC
resources to all open scientific research areas sponsored by the Office of Science.

This report illustrates NERSC alignment with, and responsiveness to, DOE program office
needs; in this case, the needs of the Office of Basic Energy Sciences. The large number of
projects supported by NERSC, the diversity of application codes, and its role as an incubator
for scalable application codes present unique challenges to the center. However, as
demonstrated its users’ scientific productivity, the combination of effectively managed
resources, and excellent user support services the NERSC Center continues its 40-year
history as a world leader in advancing computational science across a wide range of
disciplines.

NERSC provides an important computational resource for BES scientists. During the 2013
allocation year, there were 290 BES projects at NERSC, which is the largest number of
projects of the six Office of Science program offices. These BES projects, which consumed
about 40% of the total 2013 DOE-allocated time at NERSC, supported principal
investigators and approximately 1,000 graduate and postdoctoral students addressing
fundamental issues in predictive materials and chemical sciences, actinide chemistry,
energy storage, carbon capture, catalysis, combustion, geosciences, magnetism, polymer

Lhttp://www.scidac.gov

2 http://science.energy.gov/~/media/ascr/pdf/incite/docs/Allocation_process.pdf
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science, solar energy, and superconductivity. In addition to core research programs, NERSC
resources support BES scientific user facilities, the BES accelerator and detector research
program, the BES SciDAC programs, the Energy Frontier Research Centers and the Fuels
from Sunlight Energy Innovation Hub.

For more information about NERSC visit the web site at http://www.nersc.gov.
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4 Meeting Background and Structure

In support of its mission to provide world-class HPC systems and services for DOE Office of
Science research NERSC regularly gathers user requirements. In addition to the
requirements reviews, NERSC collects information through the Energy Research Computing
Allocations Process (ERCAP); workload analyses; an annual user survey, and discussions
with DOE program managers and scientists who use the facility.

In October 2013, ASCR (which manages NERSC), BES, and NERSC held a review to gather
HPC requirements for current and future science programs funded by BES. This report is
the result.

This document presents a number of findings, based upon a representative sample of
projects conducting research supported by BES. The case studies were chosen by the DOE
Program Office Managers and NERSC staff to provide broad coverage in both established
and incipient BES research areas. Most of the domain scientists at the review were
associated with an existing NERSC project, or “repository” (abbreviated later in this
document as “repo”).

Each case study contains a description of scientific goals for today and for the future, a brief
description of computational methods used, and a description of current and expected
future computing needs. Since supercomputer architectures are trending toward systems
with chip multiprocessors containing hundreds or thousands of cores per socket and
perhaps millions of cores per system, participants were asked to describe their strategy for
computing in such a highly parallel, “manycore” environment.

Requirements presented in this document will serve as input to the NERSC planning
process for systems and services, and will help ensure that NERSC continues to provide
world-class resources for scientific discovery to scientists and their collaborators in support
of the DOE Office of Science, Office of Basic Energy Sciences.

NERSC and ASCR have been conducting requirements workshops for each of the six DOE
Office of Sciences offices that allocate time at NERSC (ASCR, BER, BES, FES, HEP, and NP). A
first round of meetings was conducted between May 2009 and May 2011 for requirements

with a target of 2014. This second round of reviews target needs for 2017.

Findings from the review follow.
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5 Workshop Demographics

5.1 Participants

5.1.1 DOE / NERSC Participants and Organizers

Name Institution Area of Interest/Title
James Davenport DOE / BES .Program Mana.ger, Mater.la.ls.
Sciences and Engineering Division
NERSC User Services Group;
Jack Deslippe NERSC materials science application
support
Sudip Dosanjh NERSC NERSC Director
Richard Gerber NERSC Meeting Organlzer, N.ERSC Senior
Science Advisor
Dave Goodwin DOE / ASCR NERSC Program Manager
. Program Manager, Accelerator and
Eliane Lessner DOE / BES Detector R&D
George Maracas DOE / BES Program Manager, Nanocenters
Program Manager, Scientific User
VanT. Nguyen DOE / BES Facilities (SUF) Division
Mark R. Pederson DOE / BES Program Manag.er, Compu.tatlonal
and Theoretical Chemistry
NERSC Strategic Partnership Lead;
David Skinner NERSC high-throughput materials science
applications
Harvey Wasserman NERSC Meeting Organizer
Nicholas Woodward DOE / BES Program Manager, Geosciences

Large Scale Computing and Storage Requirements for Basic Energy Sciences: Target 2017
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5.1.2 Domain Scientists

S NERSC
Name Institution Area of Interest
Repo(s)
Michael Banda Lawrence Berkeley National Advanced Light Source als
Laboratory
. Sandia National .
Jacqueline Chen Laboratories, California Combustion mp241
Argonne National Molecular dynamics in m1524,
Sanket Deshmulkh Laboratory chemistry m1528
Andrew R. Felmy Pacific Northwest National Geochemistry mp119
Laboratory
Scott French University of California, Geophysics m554
Berkeley
Andreas Heyden University of South Carolina Rational catalyst design m1065
Paul Kent Oak Ridge National Materials science m>26,
Laboratory m641
Yun Liu Massachusetts Institute of Materials science me655,
Technology m1797
Thomas Miller California Institute of Chemical science m822
Technology
mp149,
. m716,
Jeffrey Neaton Lawrence Berkeley National Materials science m1793,
Laboratory
mp1l73,
m387
Lawrence Berkeley National .
Gregory Newman Laboratory Geophysics m372
. matgen,
David Skinner NERSC High t.hroug.hput matcomp,
materials science
m1290
Carl Steefel Lawrence Berkeley National Porous media transport
Laboratory
o . m1513,
Sotiris Xantheas Pacific Northwest National Chemical physics mp329,
Laboratory mAS?
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5.2 NERSC Projects Represented by Case Studies

NERSC projects represented by case studies are listed in the table below, along with the
number of NERSC hours they used in 2013. The BES allocation at NERSC is the largest of the
six offices that allocate time at NERSC, with approximately 300 projects (about 40% of the
NERSC total) and over 800M hours (also about 40%). BES and ASCR program managers,
along with NERSC staff, chose participants to best represent the BES workload at NERSC.
The projects listed below include one repository ("matcomp”) that NERSC considers a
"sponsored” project. One of two such projects at NERSC (the other is sponsored by HEP),
matcomp compute hours at NERSC are allocated by BES program managers but are not part
of the annual NERSC ASCR allocation target.
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NERSC Jls ?el(lir:t Archival Shared
Project NERSC Project Title Prmcllpal Workshop NERSC Data at Dat.a on
ID Investigator Speaker in 2013 NERSC Disk
(Repo) 2013 (TB) (TB)
M)
Geoscience
m372 Large SFale 3D Geophysical Inversion Gregory Gregory 29 0172 0.02
& Imaging Newman Newman
mp119 Computa?lonal Studies in Molecular Andrew Andrew 29 0.449 0
Geochemistry Felmy Felmy
m554 Globql-scalefull-l{vaveform seismic Barbara. Scott 30 0.081 01
imaging of Earth’s mantle Romanowicz French
Chombo-Crunch: Advanced Simulation
m1792* of Subsurface Flow and Regctzve . Davu.i Carl Steefel 63 274 2
Transport Processes Associated with Trebotich
Carbon Sequestration*
Advanced Simulation of Pore Scale
Reactive Transport Processes David
*
m1516 Associated with Carbon Trebotich Carl Steefel 33 249 0
Sequestration*
Materials Science
Computational Resources for the
Nanomaterials Theory Institute at the
m526 Center for Nanophase Materials Paul Kent Paul Kent 19.4 15.4 4.1
Sciences
MAtgen, | pe Materials Project Kristin David 18.8 46.1 51
matcomp Persson Skinner
Excited-State and Charge Transport Jeffrey Jeffrey
m1793 Phenomena in Novel Energy Materials Neaton Neaton 18.7 45.0 0
m1797 Compu.tatlonal Design of Novel Energy Jeffrey vun Liu 15.4 7 7
m655 Materials Grossman
Scientific User Facilities
. Michael Michael
ALS Advanced Light Source Banda Banda 4.3 536 75
Advanced Modeling for Next- Robert
m669 Generation BES Accelerator Robert Ryne Ryne 52 38.7 0.25
Chemical Sciences
Direct Numerical Simulations of Clean Jacqueline Jacqueline
mp241 | and Efficient Combustion with q q 73.4 828 8.5
. Chen Chen
Alternative Fuels
m1065 Ratlonal. Catalyst Design for Energy Andreas Andreas 45 0 0
Production Heyden Heyden
m452 | Condensed Phase Studies with cpzk | Christopher]. | Sotiris 6.4 27.4 2.7
Mundy Xantheas
Accurate Scalable Calculations for the Sotiris Sotiris
m1513 Ground and Excited States of Complex 5 0.622 0
. Xantheas Xantheas
Molecular Assemblies
Derrick
m1524 Molecular dynamics simulation of Mancini Sanket 12.9 0 0
m1528 PNIPAM-coated gold nanoparticles; Sanket Deshmukh ’
Deshmukh
Sampling diffusive dynamics on long
m822 timescales, and simulating the coupled Thgmas Thc.Jmas 21.4 33.0 0.002
. ; Miller Miller
dynamics of electrons and nuclei
Total Represented by All Case Studies** 343M | 2,320TB | 150 TB
All BES usage at NERSC in 2013 (280 projects)** 820M | 2,362TB | 188 TB
Percent of BES 2013 Allocation Represented by Case Studies** 37.5% 98% 80%
Large Scale Computing and Storage Requirements for Basic Energy Sciences: Target 2017 14



* These projects were allocated under ASCR, but are included here for purposes of evaluating future needs. The
science research falls under BES and will need to be accommodated in BES in the future.
** Includes m1516 and m1792

Large Scale Computing and Storage Requirements for Basic Energy Sciences: Target 2017 15



6 Findings

6.1 Requirements Summary

The following is a summary of requirements derived from the case studies. Note that many
requirements are stated individually but are in fact closely related to and dependent upon
others.

6.1.1 Scientists will need access to significantly more computational
and storage resources to achieve their goals and reach BES
research objectives

* Researchers attending the review anticipate that BES scientists will need
15.8 billion Hopper-equivalent hours of computing time in 2017. This is 17
times what BES used in 2013 and 31 times what BES used in 2012.

* BES scientists will need more than 3 PB of shared real-time-access file
storage space and 36 PB of archival data storage at NERSC. Both of these
values are approximately 16 times what BES used in 2013.

* System stability, reliability, availability, and usability are important features
scientists need to make use of their allocations.

* BES facilities (e.g., light sources) are expected to produce a large amount of
data that will require storage and computational resources for analysis
beyond the requirements given above.

6.1.2 Users will need assistance from NERSC to prepare for Cori (NERSC-
8) and follow-on manycore systems

* Scientists need guidance, advice, and training from NERSC to transition
codes for efficient computation on manycore systems like Cori.

* BES researchers depend substantially on third-party ISV and community
software (full applications and several key libraries and partial differential
equation (PDE) solvers) and there is an expectation that this software will
be available and run well on future systems.

* Connections with computer science experts are needed to develop new
algorithms.

6.1.3 Research teams need to run complex jobs of many different types
and scales.

* Researchers need to run codes at both high and low parallel concurrencies,
with run times from seconds to weeks. Some codes require large-memory
nodes up to 100 GB or more.

Large Scale Computing and Storage Requirements for Basic Energy Sciences: Target 2017 16



*  Workflows are becoming more complicated and tools are needed to
accommodate this need. Some teams’ workflows involve multiple resources
across different sites.

* Time to solution is the most important metric for success. This requires
schedulers and policies that can support High Throughput Computing, with
the ability to accommodate episodic computing needs.

6.1.4 BES is a leader in innovative use of HPC and requires a diverse set
of resources and services from NERSC.

* Science teams need to continue delivering data and results of calculations
performed at NERSC to their own communities of users.

e The Materials Project informatics approach to science needs
supercomputing resources, high-throughput computing capabilities, shared
data storage, complex workflows, and web portals.

* Other projects, like those at the Advanced Light Source, have similar
requirements.

* Some projects need on-demand computing to serve their users.

6.1.5 BES facilities need computational analysis and data storage
resources beyond what they can provide.

* Scientific insight and discovery are now limited as much by computational
capacity as by detector or accelerator technology.

* Since users of other facilities are investing considerable time in porting data
and software to NERSC, multi-year NERSC account commitments are
needed.

* Facilities need to overcome the challenge of data management, including
ownership, stewardship, and provenance.

* Advanced data analytics techniques and software are needed to make
scientific discoveries.

6.2 Computing and Storage Requirements

The following two tables list, respectively, the 2017 computational hours and storage
needed at NERSC for research represented by the case studies in this report. “Total Scaled
Requirement” at the end of each table represents the amount (hours or TB) needed by all
2013 BES NERSC projects if 2013 BES usage is increased by the same factor as that needed
by the projects represented by the case studies. The "Factor Increase" listed for the project
for which Steefel is PI was obtained by using the sum of the three ASCR projects listed above
as the reference.
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6.2.1 Computing Requirements
Repo(s) Compute Resources
T Needed in 2017
. rincipa
Case Study Title Investigator T Factor
Hours Increase
vs. 2013
Large Sca.Ie Geophysical Simulation Newman m372 900 31
and Imaging
Computa?lonal Studies in Molecular Felmy mp119 22 10
Geochemistry
Direct Numerical Simulation of m1516
Poisson-Nernst-Planck Equation in Steefel m1792 1,000 10
Charged Clays
Global-Scale Full-Waveform Seismic Romanowic m554 25 8
Imaging of Earth’s Mantle wicz
Computational Resources for the
Nanomaterials Theory Institute at the
Center for Nanophase Materials Kent m526 500 26
Sciences
The Materials Project Persson matgen, matcomp 500 26
Excited-State and Charge Transport m1793
Phenomena in Novel Energy Material Neaton 250 13
Compgtatlonal Design of Novel Energy Grossman m1797 416 27
Materials
Advanced Light Source Banda als 45 10
Advanced Modeling for Next-
Generation BES Accelerators Ryne me69 100 19
Combustion of alternative fuels for
?ransp'ortqtzon sfvstems —fundam.ental Chen mp241 500 6.8
investigation using direct numerical
simulations
Ratlonall Catalyst Design for Energy Tl m1065 20 48
Production
Condensed Phase Studies with CP2K Mundy m452 18 2.8
Accurate Scalable Calculations for the
Ground and Excited States of Complex Xantheas m1513 500 38
Molecular Assemblies
Molecular Dynamics of PNIPAM
Agglomerates and Composite Deshmukh m1528, m1524 500 39
Architectures
Sampling Diffusive Dynamics on Long
Timescales, and Simulating the .
Coupled Dynamics of Electrons and Miller m822 150 7.0
Nuclei
Total from by Case Studies 5,946
Percent of NERSC 2013 BES Allocations Represented
. 37.5%
by Case Studies
All BES at NERSC Total Scaled Requirement for 2017 15,856 17.3
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6.2.2 Storage Requirements

Archival Data

Shared Online
Storage
. Data Storage
Case Study Title PI Needed in Needed in 2017
ase
Factor Factor
TB TB
Increase Increase

Largg Scale Geophysical Simulation and Newman 10 58 1.0 62.5
Imaging (m372)
Computational Studies in Molecular Felmy -
Geochemistry (mp119) 10,000 1,000 i
Direct Numerical Simulation of Poisson- Steefel
Nernst-Planck Equation in Charged (m1516) 10,000 13 100 50
Clays (m1792)
Global-Scale Full-Waveform Seismic Romanowicz 05 6.2 01 2
Imaging of Earth’s Mantle (m554) ' ) )
Resources for the Nanomaterials Kent
Theory Institute at the Center for (m526) 600 39 10 2.4
Nanophase Materials Sciences

Persson
The Materials Project (matgen) 1,000 22 1,000 20

(matcomp)
Excited-State and Charge Transport Neaton 500 11 20 )
Phenomena in Novel Energy Material (m1793)
. . Grossman

Compgtatlonal Design of Novel Energy (m1797) 70 10 70 10
Materials

(m655)
Advanced Light Source Bgl“ga 5,000 9.3 200 2.7
Advanced Modeling for Next-Generation Ryne
BES Accelerators (m669) 300 78 4 16
Combustion of alternative fuels for
?ransp'ortqtzon sfvstems —fundam.ental Chen 8,300 10 100 12
investigation using direct numerical (mp241)
simulations
Rational Catalyst Design for Energy Heyden 0 i 0 )
Production (m1065)
Condensed Phase Studies with CP2K Mundy 70 2.6 5 2

(m452)
Accurate Scalable Calculations for the Xantheas
Ground and Excited States of Complex (m1513) 200 300 1 -
Molecular Assemblies
Molecular Dynamics of PNIPAM DeShml.lk.h/

. Mancini
Agglomerates and Composite (m1528) 20 - 20 -
Architectures (m1524)
Sampling Diffusive Dynamics on Long Miller
Timescales, and Simulating the Coupled (m822) 75 2.3 4 -
Dynamics of Electrons and nuclei
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Total Represented by Case Studies 36,145 2,535
Percent of NERSC 2013 BES Allocations
0, 0,
Represented by Case Studies L 15.6 Bl 16.8
All BES at NERSC Total Scaled Requirement for 36,800 3,159
2017
6.3 Additional Observations

Participants at the meeting noted a number of observations that are not listed in the high-
level findings, the most significant of which are listed here.

Many projects could make good use of long queue run limits - at the very least 24
hours - using moderate MPI parallelism.

Many MD, DFT, and electronic structure codes do not have built-in checkpoint
ability.

Many projects could use large-memory nodes for analysis, especially for Density
Functional Theory (DFT) for excited state calculations (some users do not use all the
cores on a node in order to get access to more memory per core) and correlated
wave functions.

There are ongoing porting efforts for manycore systems now within the BES
community.

There is a portion of the BES workload that has invested in creating software that
uses GPUs and can use GPUs as part of its end-to-end workflow today. Some codes
also have OpenMP but many don't yet have fine-grained parallelism.

Projects like the Materials Project and ALS “touch all of NERSC.”

Users are looking for way to create fault-tolerant applications and workflows; some
mechanism for probing the health of a system and its components would be helpful.
The table below summarizes some characteristics of projects that took part in this
review. In this table, "HTC" is High-Throughput Computing and the "Software"
column omits more "routine" software, such as MPI, OpenMP, LAPACK, HDF5, even
though projects may need it. Visualization products are also not listed here.

Manvcore Software Strong
N Principal HTC y NERSC or Weak
Project Title - Ready .
Investigator | Important? Now? Needs to Scaling
) Provide Needed
MUMPS,
Large Scale Geophysical PETSc,
Simulation and Imaging Newman No Some SuperLU, Strong
Trilinos
Computational Studies in FFT, Global
Molecular Geochemistr, el No Some Arrays, Strong
y ScaLAPACK
Direct Numerical Simulation of
Poisson-Nernst-Planck Equation Steefel No No PETSc Weak
in Charged Clays
Global-Scale Full-Waveform . FFT,
Seismic Imaging of Earth’s Romanowicz No No ScaLAPACK Strong
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Mantle

Computational Resources for the L/?/I\I/ilg/IPPS,
Nanomaterials Theory Institute Kent Occasional Some ABINIT, QE, Both
at the Center for Nanophase FFT
Materials Sciences ScaLAPACK
VASP,
BerkeleyGW,
The Materials Project Persson Yes! No AT, Both
Zeo++, and
Boltztrap,
MongoDB
Siesta,
Excited-State and Charge Not now, BerkeleyGW,
f : QE, VASP,
Transport Phenomena in Novel Neaton maybe in No Both
. PARATEC,
Energy Material the future FFT
ScaLAPACK
BerkeleyGW,
Computational Design of Novel LAMMPS,
Energy Materials Crtosime S g VASP, FFT, Sy
ScaLAPACK
Both, but
Advanced Light Source Banda No Some FFT mostly
weak
Advanced Modeling for Next- FFT,
Generation BES Accelerators Ryne No No ExaHDF5 ——
Combustion of alternative fuels
Jor transpor{raaon. sy.stems. - Chen No Yes Adios Weak
fundamental investigation using
direct numerical simulations
Rational Catalyst Design for VASP, FFT,
Energy Production e Yes No ScaLAPACK Strong
Condensed Phase Studies with FFT,
CP2K Mundy No Yes ScaLAPACK Both
Accurate Scalable CaIculatzpns Global Both, but
for the Ground and Excited
Xantheas No Some Arrays, mostly
States of Complex Molecular
. ScaLAPACK strong
Assemblies
Molecular Dynamics of PNIPAM NAMD,
Agglomerates and Composite Deshmukh No Yes CHARMM, Both
Architectures FFT
Sampling Diffusive Dynamics on NAMD,
Long Timescales, and GROMACS,
Simulating the Coupled Miller No Some DL_POLY, Strong
Dynamics of Electrons and AMBER,
Nuclei MOLPRO
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7 BES and NERSC Trends

The following plots show the historical usage of computational hours (adjusted for
performance relative to Hopper hours) and archival storage for BES and all of NERSC. The
Xs are the anticipated needs from the Requirements Reviews. The solid lines are trend lines
fit to the historical usage. The materials science, chemistry, and geoscience portions of the
BES usage are also shown on the computational hours plot.
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BES and All NERSC Archival Storage
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8 Materials Sciences Case Studies

8.1 Computational Resources for the Nanomaterials Theory
Institute at the Center for Nanophase Materials Sciences

Principal Investigator: Paul Kent (Oak Ridge Ngational Laboratory)
NERSC Repository: m526

8.1.1 Project Description

This project is from the Center for Nanophase Materials Sciences (CNMS) at Oak Ridge
National Laboratory, which is supported by the BES Scientific User Facilities Division. It is
included here with Materials Sciences case studies because of similarity in subject matter
and because NERSC allocations for this project are handled by Materials Sciences.

8.1.1.1 Overview and Context

Our project supports a varied set of calculations in support of the externally reviewed user
proposals and scientific thrusts of the Nanomaterials Theory Institute (NTI) of the CNMS.
We perform predictive calculations into the behavior and properties of nanoscale systems,
ranging from new energy efficient nanoscale catalysts to simulations of DNA used for
molecular electronics. A general trend is the study of increasingly realistic systems, in most
cases incorporating large length scales to properly simulate experimental conditions. Our
simulations are primarily first-principles (quantum mechanics) or classical molecular
dynamics-based atomistic simulations to determine the structure and properties of each
system. The calculations are therefore challenging, requiring extensive use of high
performance computing facilities at NERSC. The majority of calculations are too large or
complex to perform on midrange computer clusters.

Our largest runs are either performed or supervised by NTI staff using appropriate
applications, processor counts, and run configurations, as determined by careful
benchmarking. This process enables the most appropriate tools to be selected and
optimized for the task at hand. E.g., we have considerable experience in selecting between
and optimizing the different numerical implementations of density functional theory that
are available. We also make extensive use of classical molecular dynamics where suitable
potentials are available and multiscale simulation approaches for polymeric materials. The
former tends to utilize popular packages such as LAMMPS, while the latter tend to utilize
homegrown codes.

In addition to using conventional modeling based on molecular dynamics and quantum
mechanics, we also use methodology for global optimization of structures to help locate
ground state geometries (e.g., of organic monolayers on metal substrates for molecular
electronics applications) and to identify reaction intermediates and reaction pathways of
catalytic processes. Techniques include basin hopping, cluster expansions, and traditional
numerical global optimization approaches such as parallel tempering and genetic
algorithms. These methods are commonly used in materials-discovery/genome type
approaches and are computationally expensive, often consisting of thousands of single total
energy calculations. Our main goal is to improve our ability to effectively collaborate with
experimentalists, since the same methods can be used where experimental resolution and
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physical intuition are initially lacking, e.g., for complex surface reconstructions, and can

increase overall confidence in predictions.

Overall storage is not a significant consideration compared to some other fields, with
datasets typically in the Gigabyte range. Although these datasets will grow in proportion to
simulated system size and timescale, this volume of data remains relatively facile to store or
transfer to home institutions.

8.1.1.2 Scientific Objectives for 2017

Our goals include (1) a more thorough exploration and understanding of already identified
materials and chemical systems, and (2) an increasingly common discovery and exploration
of the properties of not-yet synthesized materials, using simulations of sufficient
sophistication that we can have confidence in the predicted results. Despite a number of
famous unresolved cases, such as high temperature superconductivity, there are currently
broad classes of chemicals and materials for which predictive methods exist that are quite
accurate. Instead, the key difficulty is often that these predictive methods are only effective
when the exact atomic structure or molecular conformation is known. A key challenge is
therefore to identify unknown structures, unknown reactions, and unknown reaction paths.
Currently, simulations that can identify, for example, unknown reactions via forms of
accelerated molecular dynamics (basin hopping, metadynamics, Monte Carlo etc.) remain
too expensive to apply except for the simplest of processes using relatively simple methods
for energies (classical force fields instead of quantum-mechanics based). A third objective is
to improve the confidence in our predictions, primarily through the use of improved
methodologies as they become computationally affordable (e.g., using quantum-based
methods to validate classical force field results).

8.1.2 Computational Strategies (now and in 2017)

8.1.2.1 Approach

For simplicity, we concentrate on simulations of atomistic systems, which currently
consume over 75% of our allocation.

In our atomistic simulations, the main task is to compute the energy and forces acting on a
set of atoms. This is performed using either classical-mechanics based potentials or (more
costly) using approximate solutions of the Schrodinger equation to incorporate the effects
of quantum mechanics. The trajectory of the atoms can then be integrated using simple
Newtonian mechanics. For classical simulations we make use of the very large number of
developed force fields implemented in codes such as LAMMPS. For simulations based on
quantum mechanics we primarily use density functional theory (DFT), as numerically
implemented within several variants of the plane wave pseudopotential approximation in
codes such a Quantum Espresso (“pwscf’) and VASP. For more accurate quantum
mechanical methods we utilize several forms of quantum chemistry and also quantum
Monte Carlo. However, the majority of our time is consumed by DFT. Property computation
is only occasionally a major consumer of time, for example, accurate band gaps of materials
require use of the GW method which scales with a much higher power of system size than
DFT. While previously highly specialized, these methods are becoming both commoditized
and expected by reviewers in the scientific community. In part this drives our requirements
for increased resources: minimum standards are improving.

Large Scale Computing and Storage Requirements for Basic Energy Sciences: Target 2017 25



8.1.2.2 Codes and Algorithms

LAMMPS: a domain decomposed classical molecular dynamics code, with many integration
algorithms and numerical force fields.

Quantum Espresso, VASP, ABINIT: plane wave pseudopotential density functional theory.
MPI distributed FFTs and dense linear algebra, non-linear optimization.

All these codes are well studied, but should not be considered as monolithic applications
implementing a single algorithm. E.g. Both Quantum Espresso and VASP implement hybrid
density functionals and density functional perturbation theory, both of which have very
different costs and performance characteristics to conventional/traditional ground-state
DFT calculations.

8.1.3 HPC Resources Used Today

8.1.3.1 Computational Hours

We used 19.4 million hours in 2013, considerably more than our allocated 8.25 million,
thanks to early user time on Edison.

8.1.3.2 Parallelism

Typical production runs are in the hundreds of cores.

The scalability varies with simulated system size and convergence settings (basis sets, k-
points, spin). Although we have run DFT calculations on 40K processors with large enough
simulated systems, in practice scalability is limited to a few cores per atom (per k-point, per
spin). For todays production runs the largest number of cores is typically in the low
thousands. We typically use fewer than the maximum afforded by the
code/system/algorithm because of improved efficiency and sometimes for better
throughput.

Sometimes we have many independent tasks to run, but these can each use a few nodes, so
they are submitted as multiple jobs.

Both strong scaling and weak scaling are important for our project since both determine
overall time to scientific solution. Sometimes we have a single system to investigate, hence
strong scaling (and queue time) are very important.

8.1.3.3 Scratch Data
We typically consume 1 - 10s of Gigabytes.

8.1.3.4 Shared Data

We have a project directory 'm526' that currently has about 4 TB stored in it. Project
directories are a data sharing convenience, and very useful when, e.g., several students are
working on the same investigation.

8.1.3.5 Archival Data Storage
We had 15 TB of data stored in NERSC’s HPSS system in 2013.
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8.1.4 HPCRequirementsin 2017

8.1.4.1 Computational Hours Needed

Any one of our three goals can readily utilize an order of magnitude more computational
hours. For example, to increase accuracy we would prefer to transition to the routine use of
hybrid DFTs instead of local DFTs. These are normally more accurate the local DFTs, and it
is becoming increasingly expected (by reviewers, amongst others) that these calculations
are included in our studies. These methods scale notionally as N*4 instead of N*3 (N=
number of atoms), resulting in a cost at least one order of magnitude higher even in small
(tens-hundred atom) systems.

Although there are some exceptions, in general our calculations are not routinely large
enough to justify an INCITE allocation. We have access to no other large sources, e.g.,
through NSF.

8.1.4.2 Parallelism

If current methods are used, only thousands of cores will be used in 2017. If more accurate
methods are utilized and time is available, hybrid DFT can readily utilize tens of thousands
of cores and such methods may scale up to hundreds of thousands.

We occasionally compute in a high throughput mode (many calculations to be performed
simultaneously), or utilize a configuration sampling approach. Potentially this can involve
dozens-to-hundreds of calculations.

8.1.43 1I/O

We will probably write tens of Gigabytes per run and we would hope that /0 time is no
larger that about 2.5% of the run time.

8.1.4.4 Scratch Data

We will need several terabytes of scratch space to store the computed quantum mechanics
wave functions, which increase with system size.

8.1.4.5 Shared Data

The project directory requirement will probably increase to about 10TB, driven primarily
by an increase in the number of configurations and longer trajectories.

8.1.4.6 Archival Data Storage

We estimate needing about 10 Terabytes per user in 2017 for NERSC HPSS, the driver again
being an increase in the number of configurations and longer trajectories. With about 60
users (2013 value), that translates to 600 TB of archival storage.

8.1.4.7 Memory Required

We need 64 GB per node, particularly if one-sided communications are well supported.

8.1.4.8 Emerging Technologies and Programming Models

Some of the codes we use are ready, e.g., CUDAized or very highly threaded. We know how
to do the translation, rewrite etc., but due to a shortage of human resources and the
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requirements to publish, we focus only on what we absolutely must change to obtain good
performance on installed and upcoming computer systems, meaning that we typically
transform only the most critical paths.

We plan to standardize on open community codes as much as possible, to avoid the
difficulties of contributing to proprietary codes and to benefit from international
contributions. We hope NERSC focuses effort on open codes and actively steers users
towards them.

8.1.4.9 Software Applications and Tools

We'll need the same applications and tools as 2013, only sufficiently scaled and updated for
any new architectures:

LAMMPS: a domain decomposed classical molecular dynamics code, with many integration
algorithms and numerical force fields.

Quantum Espresso, VASP, ABINIT: plane wave pseudopotential density functional theory.
MPI distributed FFTs and dense linear algebra, non-linear optimization.

8.1.4.10 HPC Services
We'll need the same as we do in 2013, only updated.

8.1.4.11 Time to Solution and Throughput

For 2017, time to solution, throughput, turnaround, and job scheduling remain a concern.

8.1.4.12 Data Intensive Needs

We don’t have any special requirements in this area.

8.1.4.13 Additional Comments

The most important feature of an HPC system is reliability. We look to NERSC to provide
reliable FLOP/s combined with good consulting, training, and support.
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8.1.4.14 Requirements Summary

Used at NERSC Needed at NERSC

in 2013 in 2017
Computational Hours 19.2 M 500 M
Typical number of cores* used for 200 2,000
production runs
Maximum number of cores* that can be used 10,000 200,000
for production runs
Data read and written per run 0.05TB 0.1 TB
Percent of runtime for 1/0 2.5 2.5
Scratch File System space TB TB
Shared filesystem space 4TB 10 TB
Archival data 15 TB 600 TB
Memory per node 64 GB 64 GB

* “Conventional” cores
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8.2 The Materials Project

Principal Investigator: Kristin Persson (Lawrence Berkeley National Laboratory)
Additional Worksheet Author: Anubhav Jain (Lawrence Berkeley National Laboratory)
NERSC Repositories: matgen, matcomp

8.2.1 Project Description

8.2.1.1 Overview and Context

Major technological advancement is largely driven by the discovery of new materials. The
performance of materials like solar cells and batteries greatly influence important societal
issues like the nature of our future energy supply. However, materials discovery today still
involves significant trial-and-error: decades of research are needed to identify a suitable
material for a technological application and decades more to prepare it for
commercialization.

The goal of the Materials Project (online at https://www.materialsproject.org) is to
accelerate materials discovery and education through advanced scientific computing and
innovative design methods, scale those computations to cover all known inorganic
compounds, and disseminate that information and design tools to the larger materials
community. Stated differently, our goal is to automatically compute the properties of new
materials so that experiments and detailed studies are focused on only the most promising
options. This effort requires substantial cross-disciplinary efforts in materials theory, high-
throughput computing, experimental and application specific materials knowledge,
computer science, data mining, and database science.

Currently, over 4,500 users are registered for the Materials Project. Data are available for
30,000 compounds, and seven different interactive “apps” allow the user to explore the data
and perform high-level analysis. External users that used the Materials Project dataset and
apps to perform scientific studies have published at least four peer-reviewed papers.

The Materials Project is an example of a large-scale collaboration that leverages many of the
resources offered by NERSC. In addition to raw CPU time for performing calculations, we
depend on codes compiled by NERSC such as VASP. NERSC hosts and maintains the
development and production MongoDB databases (used to drive the web site as well as our
workflow) as well as the community-facing web site as a NERSC science gateway. We use
the tape storage options for backup, and use the global project directories to store the raw
output data. NERSC staff help coordinate web site deployment and releases. Finally, NERSC
sets up, operates, and maintains a project-specific cluster (“Mendel”) that is used for many
of our computations.
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8.2.1.2 Scientific Objectives for 2017

The Materials Project’s goal for 2017 is to become an indispensable tool for materials
design that combines many achievements. First, we expect to provide researchers with
calculated data on hundreds of thousands and perhaps millions of compounds, making it the
largest single resource for materials data. Our computations will not only reveal properties
of compounds known to exist, but will also predict new compounds and calculate their
likelihood for existence using a combination of data mining techniques and ab initio
calculations. Each compound will be comprehensively characterized using a suite of
computational techniques (some too expensive to apply on a large scale today). These
techniques will reveal not only the electronic structure of each material but also mechanical
properties, thermal properties, optical properties, and defect character.

Rather than being a static data source, the Materials Project aims to be a full-featured
platform for materials design. Researchers will be able to request calculations via the web
or mobile platform, and submit them for computation on NERSC resources (a prototype of
this functionality already exists). Thus, the space of materials that are computed will start to
be “crowd sourced”. We will build state-of-the-art APIs to the data in order to enable large-
scale data analysis and data mining. Finally, we will allow users to build third-party “apps”
that can be integrated with the main web site, and increase outreach and collaboration with
experimental teams.

Achieving these objectives requires not only drastic increases in computational power (e.g.,
100 times current levels), but also significant improvements in other areas. We expect that
1 petabyte of easily accessible (i.e., not tape) disk space will be needed to store the raw
outputs of these calculations. The databases serving the web site and the automation
software must similarly be scaled across multiple machines (sharded, in MongoDB
language). Finally - and perhaps most importantly - queue policies and software must be
built that allow millions of small, independent, high-walltime jobs to execute on NERSC
supercomputers within a 1 year timeframe. It is important to note that with high-
throughput computing at HPC centers, the total number of CPU hours is rarely the limiting
factor, even at relatively moderate allocations (e.g., 10 million CPU hours). Rather, hundreds
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of jobs must be running continuously in order to make any significant dent in computing
budget, which is not possible given (current?) queue submission limits, job turnaround
time, and running job limits.
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Rapid virtual materials prototyping and discovery envisioned by the Materials Project

8.2.2 Computational Strategies (now and in 2017)

8.2.2.1 Approach

Our current scientific workflow is a series of electronic structure calculations performed
over tens of thousands of materials. Each electronic structure calculation typically
consumes 100 - 1000 CPU-hours, and uses third-party software (VASP) that does not
parallelize well past ~100 cores (we typically use 32-48 cores). The workflow for each
material currently encompasses about 4 such electronic structure calculations. However,
we expect that in the future each material will encompass up to 20 calculations or more as
we expand the set of properties that are computed for each material.

We developed our own general workflow software (“FireWorks”,
http://pythonhosted.org/FireWorks) targeted largely at running high-throughput scientific
workflows at HPC centers. The FireWorks software stores our workflows, launches jobs on
the clusters with the proper dependencies, and handles failures/restarts/duplicate
checking. The software submits jobs either to the Mendel cluster (owned by Materials
Project, but maintained by NERSC) or to the “thruput” queue on Hopper. Currently, each job
contains a single electronic structure calculation. However, we have recently built a
“bundling” feature into FireWorks that can submit hundreds of concurrent electronic
structure calculations within a single queue script (it is not yet used in production).

8.2.2.2 Codes and Algorithms

Our current main “workhorse” code is the Vienna Ab Initio Simulation Program (VASP).
Almost all our computing budget for FY2013 used this code.

We expect that in the future, the number of codes used will diversify, perhaps including the
Berkeley GW, ABINIT, Zeo++, and Boltztrap software packages.
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8.2.3 HPC Resources Used Today

8.2.3.1 Computational Hours

We used 18.8 million CPU hours of computing on DOE/ASCR-allocated resources at NERSC
in FY2013. This was actually a significant reduction in utilization from FY2012 due largely
to almost 6 months of downtime spent building a new workflow system. We expect this
number to go up drastically in FY2014. No significant computing was performed outside of
NERSC.

8.2.3.2 Parallelism

We typically use 32 cores (Mendel cluster) or 48 cores (Hopper) for running VASP. In our
internal tests, scaling is acceptable to 2 nodes (i.e., 1.7X performance using 2X processors)
but continuously degrades as more nodes are added. We use 2 nodes because it provides
good performance and sufficient memory to perform our calculations, but we have resisted
further parallelism since scaling reduces VASP efficiency. If the VASP code demonstrated
better scaling, we would use the additional processors in order to reduce walltime.

We run high-throughput computing, but we are submitting tens of thousands of individual
jobs rather than packing calculations into a single job. We may in the future pack together
~100 calculations within a single job. This would utilize 3,200-4,800 cores total.

The two types of scaling important to our project are “high throughput bundling” and
“strong scaling.” The high-throughput bundling (a form of weak scaling) would allow us to
run many small jobs within the constraints of an HPC environment. Strong scaling of the
VASP code would allow us to reduce our walltimes and increase overall throughput, and
should be combined with job bundling.

8.2.3.3 Scratch Data

About 1TB of scratch space is sufficient for our purposes. We regularly (and in fact,
automatically) move the results of our calculations from scratch to permanent storage in
projectdirs.

8.2.3.4 Shared Data

We have a projectdir called “matgen”. It serves as the repository for all our raw outputs,
currently hosting about 50 TB of calculations. One issue we’ve had is the need for about
75TB or more of projectdir space; we’ve maxed out our projectdir quota several times and
had to delete raw outputs of low importance as well as shut down our entire workflow.
Note that our calculations need to be easily accessible (i.e., not on tape) because new
calculations depend on output files from older calculations, and adding new features to the
database often requires reparsing old runs.

8.2.3.5 Archival Data Storage

We have used about 46 TB of space in HPSS at NERSC. We have backed up some of our old
calculated data here, and store some of our very old DB snapshots here as well.
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8.2.4 HPC Requirementsin 2017

8.2.4.1 Computational Hours Needed

A total factor of about 100X over 2012 usage will be required in FY2017. That translates to
about 1 billion current NERSC MPP hours. The number of computing cores needed scales
linearly with the number of materials we expect to compute. We expect to compute about
10X the number of materials per year in FY2017 than we do today. Separately, we have built
a system whereby individual research groups can contribute workflows for expanding the
number of properties computed per material. These new properties tend to be more
computationally expensive than basic electronic structure calculations, ranging from
doubling the total computation time to adding perhaps a factor of 100X as much computing
needed for a single material. We do not expect to run the most expensive calculations over
every material in the database, but we do expect another factor of 10X in computing to
come from performing higher order methods across the database. Thus, we get a total factor
of about 100X our 2012 usage.

8.2.4.2 Parallelism

Parallelism in the future depends on the degree to which the third party codes we employ
improve their concurrency. While we expect that these codes (e.g. VASP, ABINIT, etc.) will
make significant strides towards increased parallelism (perhaps to 10,000 cores), but this is
difficult to predict in advance.

We will strive to use the maximum parallelism afforded by the codes that we use. If the
queuing systems in 2017 stay similar to those of today, we will almost certainly be bundling
hundreds of jobs within a single queue submission in order to simultaneously use many
cores.

We expect that our computational needs will diversify as we include more properties per
material. For example, when adding optical properties of materials to our workflow, some
of the calculations involve serial codes (in particular, BoltzTrap). Other codes (for obtaining
a different set of optical properties) for calculating the GW or Bethe-Salpeter approximation
may already scale to 1,000 processors. Thus, we expect to be running a spectrum of codes
that range in parallelism from 1 processor to perhaps 10,000 processors.

8.243 1/0

Each run writes (on average) about 200GB of data (however, we have millions of runs to
perform). In general, I/0 time and bandwidth is not a large concern for our project.

8.2.4.4 Scratch Data

At this time, we expect that moderate scratch space (e.g., 5TB) will be sufficient in 2017. As
mentioned previously, we automatically move completed runs to our shared global project
directory immediately after completion through our workflow software. Our scratch
footprint is therefore expected to remain light.

8.2.4.5 Shared Data

We expect to need at least 1 Petabyte of shared data in our global project directory in 2017
to store the raw output files. One way to reduce this need would be to devise a system

Large Scale Computing and Storage Requirements for Basic Energy Sciences: Target 2017 34



whereby information could be flexibly, quickly, and automatically retrieved from tape as
needed. Such projects have previously been initiated at LBL’s Computation Research
Division, but to our knowledge have not been integrated at NERSC.

8.2.4.6 Archival Data Storage

We will need to be able to back up our expected 1 Petabyte of raw output files, plus perhaps
a few hundred additional terabytes for DB backup.

8.2.4.7 Memory Required

At this time, we expect about 64 GB of memory per node (about 128 GB/node would be
useful). The codes we currently use do not expect more memory than this. It is difficult to
predict if we will be using theoretical methods that require more memory in 2017.

8.2.4.8 Emerging Technologies and Programming Models

Since we do not develop our own electronic structure codes and use third-party software,
our ability to use these technologies depends on third party developers. Currently, the
electronic structures codes we use cannot exploit emerging technologies like GPUs.

8.2.4.9 Software Applications and Tools

We will need compiled electronic structure codes (VASP, ABINIT, etc.), Python, MongoDB,
and Git support.

8.2.4.10 HPC Services

We expect to continue needing shared project space, web gateway support and hosting, and
database hosting.

8.2.4.11 Time to Solution and Throughput

We are generally fairly forgiving in “time to solution” (see exception in 5.13), but as
mentioned previously we do have problems with throughput when trying to submit many
small jobs and still utilize large allocations.

8.2.4.12 Data Intensive Needs

Our application like many others generate large amounts of data that needs to be accessed
regularly. We have previously encountered some resistance (though never rejection) in
increasing our project directory quota past 40TB. Either project directories should be
allowed to significantly expand storage (a factor of 10 or more) or tape storage should be
made as almost as easy to use as project directories (from a programming standpoint). For
example, we would like to be able to write a Python program that seamlessly grabs specific
data from tape storage as needed as easily as opening a file path.

8.2.4.13 What Else?

Almost every science application - ours included - involve times where “time to solution” is
at baseline, and other times when “time to solution” is critical to scientific productivity or an
upcoming review or conference. In our case, when initially sketching out and debugging
new calculation workflows for materials, “time to solution” is especially important. Waiting
3 days in a queue just to find out that a workflow (which may only be 500 total CPU hours of
computation) has a bug is a huge impediment to scientific output. Given that accounting for
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nuances in new workflow design often requires many cycles of iteration and debugging,
months of productivity can be “lost to the queue”. This is not a problem for NERSC’s
utilization of its CPU cycles, but it serves as a series of very impactful speed bumps on the
road to scientific breakthroughs.

Currently (and to our knowledge), NERSC provides two official solutions for quick
turnaround: the “debug” queue and the “premium” queue. Neither of these is satisfactory.
The “debug” queue is fundamentally flawed because it arbitrarily constrains the ‘shape’ of
the job to 30 minutes wall time and ~500 nodes. One cannot use this to debug codes
requiring larger wall times or more nodes. In our specific case, we cannot use this queue for
debug purposes because our electronic structure codes will require more than 30 minutes
to report failure or success. Similarly, the “premium” queue also restricts the shape of the
job to an arbitrary wall time and core count. This queue may also have problems regarding
users wanting to quickly use their unused allocations at the expense of the waiting time of
other users.

NERSC should implement better strategies for variable “time to solution” needed by users.
Clearly, everyone cannot be at the top of the queue all the time. But, perhaps everyone
should be able to be at the top of the queue at some time of their choosing (without
contacting NERSC), and unrestricted by the shape of the debug or premium queues for their
high-priority jobs. For example, Materials Project, in addition to a 10M total allocation,
might also be awarded 100,000 CPU hours of “high priority” time. These 100,000 CPU hours
could be applied to any NERSC queue, but with high priority. It could be used before
scientific conferences, or to increase turnaround during iterative workflow development
(we would use it for the latter). This may not be a perfect solution, but a better strategy for
variability in time to solution for all shapes of workflows should be targeted.

One other concern requires jobs requiring large walltimes. Not all codes can be strongly
scaled to reduce walltimes. For example, the VASP code we run requires several days of
walltime, and there are many such users at NERSC. NERSC has very little support for long
walltime jobs, and almost no fallback strategy when long walltime is needed. An “automatic
checkpoint/restart” strategy was once pitched to our team and would be fantastic for long
wall time users, but it does not seem to have been released.
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8.2.4.14 Requirements Summary

Used at NERSC Needed at NERSC
in2013 in2017

Computational Hours 18.8 M 1,000 M
Typical number of cores* used for 32-48 unknown
production runs
Maximum number of cores* that can be ~100 unknown
used for production runs
Data read and written per run 0.001 TB 0.1TB
Maximum I/0 bandwidth negligible GB/sec negligible GB/sec
Percent of runtime for I/0 negligible negligible
Scratch File System space 1TB 5TB
Shared filesystem space 51TB 1,000 TB
Archival data 46 TB 1,000 TB
Memory per node 64 GB 64-128 GB
Aggregate memory 0.128 TB unknown TB

* “Conventional” cores

8.2.5 Additional Storage and /0O

The 1/0 is generally not a big concern for running VASP. A run generally results in a few
“large” files of about 200MB and some smaller files of about 20GB or less.
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8.3 Transport Phenomena in Novel Energy Materials

Principal Investigator: Jeffrey Neaton (Lawrence Berkeley National Laboratory)
Additional Worksheet Authors: Jack Deslippe, Zhenfei Liu, Sahar Sharifzadeh (Lawrence
Berkeley National Laboratory)

NERSC Repository: m1793

8.3.1 Project Description

8.3.1.1 Overview and Context

Our research concerns understanding the physics of charge transport and excited-state
phenomena in condensed matter systems of relevance to energy, with the aim of predicting
and designing new materials for energy conversion, storage, and carbon capture. Broad
materials classes such as oxides, organics, metal-organic frameworks, and interfaces feature
prominently. Although structurally distinct, these materials classes share astonishing
structural and chemical diversity; highly-localized, sometimes strongly-correlated
electronic states; and, in instances, appreciable non-covalent interactions. As such, they
simultaneously present significant opportunities for discovery and drive the development
of contemporary electronic structure theory.

A major theme of our work is to devise analytical and computational methods that exploit
connections between these disparate materials classes to create general approximations
and methods, design new materials, and understand novel phenomena. An ultimate aim is
the development of new intuition - or “design rules” - connecting emergent properties and
function to chemical composition and structure. As such, for many projects, we draw upon
and develop contemporary “first-principles” density functional theory (DFT)-based
approaches, theoretical methods at the nexus of condensed matter physics, quantum
chemistry, and computational materials. Below, we describe three projects that make
particular use of HPC.

Organic molecules and assemblies are of considerable interest for next-generation
photovoltaics and other energy conversion applications. Their performance and utility
hinges on the understanding and control of their spectroscopic properties, such as
ionization potentials and electron affinities in gas-phase and solid-state environments, and
orbital energy level alignment at interfaces. However, orbital energies and energy
differences within common approximations to density functional theory (DFT) (such as the
local density approximation, generalized gradient approximations, and hybrid functionals)
are known to dramatically underestimate these quantities, and a GW-Bethe-Salpeter
Equation (GW-BSE) approach is essential. We rely heavily on DFT codes and the
BerkeleyGW program for computation. We used almost 20M hours in 2013 and currently
require ~100 of TB of storage per year for computation and archival purposes.

A second research area is focused on studies to understand energy transport in biomimetic
and natural photosynthetic systems. The efficient transport of excitation energy in natural
photosynthesis is a functionality predicated on a complex and dynamic molecular
architecture, the underlying principles of which remain to be elucidated. We study energy
transfer between both dimers and periodic arrays of the light absorbing organic molecules.
The principal objective of the work is to generate detailed models of the absorption and

Large Scale Computing and Storage Requirements for Basic Energy Sciences: Target 2017 38



transport of incident light energy by chromophore arrays with varying geometries,
orientations, and environments.

A third area of research involves detailed computational studies of charge transport
phenomena and spectroscopic properties of interfaces of complex dye molecules, such as
porphyrins, and conducting surfaces, such as gold, graphite, and graphene. In close
collaboration with experiment, we compute conductance, thermopower, and IV
characteristics of molecular junctions - individual molecules wired up to metallic electrodes
- to understand the relationship between chemical composition, atomic-scale structure, and
level alignment and transport properties. Density Functional Theory with local or semi-local
functionals are known to yield inaccurate level alignment between Fermi level of the
junction and frontier orbital energies of the contacted molecule, often resulting in a
significantly overestimated conductance. We use a GW-based method to correct the energy
level alignment in the junction that leads to quantitative agreement with and understanding
of experimental measurements. Practically, a large number of metal layers are needed for
these calculations, and for sufficiently large molecules, in-plane lattice parameters of large
lateral dimension are required. This leads to supercells containing 100s of atoms for the
most complex junctions, and HPC is essential.

8.3.1.2 Scientific Objectives for 2017

One of our science goals is to achieve improved understanding and control of molecular-
scale charge transport phenomena, which are central to the realization of next-generation
energy conversion materials. The low efficiency of organic and other nanostructure-based
solar cells can be connected to ineffective charge separation at donor-acceptor (and p-n)
junctions, and charge collection across interfaces with metallic contacts. For many organic
solids and interfaces of interest, e.g., organic semiconductors and donor-acceptor organic
interfaces, only ordered model structures have been considered so far. More realistic
structural models exhibit significant complexity and can involve hundreds or thousands of
atoms.

Donor-acceptor interfaces are a crucial component of working organic photovoltaic devices,
though the nature of charge transfer and dissociation at these interfaces is not well
understood. By 2017, we would like to compute the spectroscopic properties of more
realistic and experimentally realized organic donor-acceptor interfaces, with a particular
focus on quantitatively understanding the relationship between interface structure and
excited-state properties. The understanding gained in such calculations will allow the
design of more efficient photovoltaic materials.

In recent years, “materials genome” type approaches have successfully demonstrated the
utility of data mining in material design, particularly in the field of battery development. In
order to apply a materials genome type approach to photovoltaic materials, one must be
able to quantitatively predict both the ground and excited-state properties of the materials
involved. For example, one would want to screen the relative energy level alignment in
various donor/acceptor pairs. The GW-BSE methodology has proven extremely accurate at
predicting such excited state properties. However, the approach has, until now, typically
been applied to one system (typically bulk or periodic systems not containing transition
metals) at a time with significant operator involvement. By 2017, we would like to be
completing GW-BSE computations across wide datasets of materials and interfaces for the
purposes of evaluating materials for energy applications. Further, we plan to achieve deep
understanding excited states of complex, light-harvesting molecules adsorbed on a metal or
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semiconductor surface, as it is crucial to the conductance, spectroscopy, or catalytic activity.
Currently, approximate GW methods developed within our group work well for weak
adsorption and negligible charge transfer between the surface and the molecule. We plan to
extend the method to intermediate and strong coupling regimes through detailed, more
rigorous GW-BSE calculations on these complex hybrid systems.

8.3.2 Computational Strategies (now and in 2017)

8.3.2.1 Approach

Generally speaking the goal is to compute a description of the many-body electronic states
of a variety of materials from first-principles. Typically we use the DFT formalism to
describe the ground state electronic-structure of a material and then use the GW-Bethe-
Salpeter Equation approach (starting from DFT) to describe the excited state properties of a
material. These approaches involve the construction and solution of dense eigenvalue
problems. However, it is often the construction or application of the operators that consume
the most resources. See the next section for more details.

For studies of electron transport, an important goal is to calculate transmission as a
function of energy for a number of molecular junctions, often consisting of supercells of
100s of atoms. This is done via a non-equilibrium Green’s function or scattering-state
framework, and involves construction of the Landauer formula, which consists of
multiplication of coupling matrices and Green’s function matrices of the junction. This is a
non-self-consistent step following the self-consistent convergence of density matrix of the
junction. The coupling matrices are computed at DFT level, which involves generating
surface Green’s functions of the leads. In the approximate GW method we have recently
developed, the Green'’s functions of the extended molecule are computed at DFT level first,
and then the poles of the molecular block of the matrix are shifted using non-empirical
approximate self-energy, resulting in accurate level alignment between Fermi energy and
frontier orbital energies of the molecule. In the non-self-consistent calculation of Landauer
formula, a large number of k-point is desired, because the transmission converges slower
than density matrices over k-point. Also, a large number of energy points are needed, to
generate a smooth transmission curve as a function of energy. Both of these require HPC
resources.

8.3.2.2 Codes and Algorithms

DFT Codes (Quantum ESPRESSO / PARATEC / VASP / SIESTA etc.):

These are computer codes for electronic structure calculations and materials modeling at
the nanoscale based on density-functional theory, plane waves, and pseudopotentials (both
norm-conserving and ultrasoft).

Typically these codes construct and solve the Kohn-Sham equations self-consistently, where
each self-consistent iteration involves the solution (or partial solution) of a Hermitian
eigenvalue problem via iterative methods like conjugate gradients or Davidson. These
approaches utilize the fact that the operation of our operator, H, on an arbitrary vector,
scales as O(N) instead of the typical O(N*2).
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Typically the bottlenecks include the application of the Hamiltonian matrix to a vector
(done via parallel FFTs), and the construction and exact diagonalization of the Hamiltonian
in a subspace (involving parallel matrix-multiplication and diagonalization via ScaLAPACK).

GW Codes (BerkeleyGW):

The BerkeleyGW Package is a set of computer codes that calculates the quasiparticle
properties and the optical responses of a large variety of materials from bulk periodic
crystals to nanostructures such as slabs, wires and molecules. The package takes as input
the mean-field results from various electronic structure codes such as the Kohn-Sham DFT
eigenvalues and eigenvectors computed with PARATEC, Quantum ESPRESSO, SIESTA,
Octopus, or TBPW (aka EPM).

Typically the problem involves the setup and solution of the Dyson's equation - similar to
the Kohn-Sham equations in DFT but consisting of an energy-dependent, non-hermitian
self-energy operator.

The code is heavily dependent on FFTs (using libraries like FFTW and MKL) and dense
linear algebra matrix-multiplication, diagonalization and inversion. The code typically uses
threaded libraries and custom MPI/OpenMP parallelization around these libraries.

Transport Codes (Scarlet and TranSiesta)

The TranSiesta utility is part of the Siesta package (although Siesta requires special flags in
compilation), and the additional operations on top of Siesta are two-fold: (1) after a regular
DFT convergence of density matrix of extended molecule (typically consists of seven layers
of metal atoms and the molecule and binding sites in between) using periodic boundary
conditions, the code calculates an open-boundary density matrix, by integrating the
imaginary part of the lesser Green’s function of the extended molecule over energy up to
Fermi level. The Fermi level is determined from the regular Siesta DFT calculation and is
fixed in this step, and the integral is computed on a contour rather than directly along a real
axis. In this way, the coupling of the extended molecule to two semi-infinite leads is taken
into account in the calculation of the surface Green'’s function of the leads, and then these
surface Green’s functions are used in the calculation of self-energy in Green’s function of the
extended molecule. (2) After the convergence of the open-boundary density matrix, the
Hamiltonian matrices of the two leads and of the extended molecule are stored in files on
disk, and the transmission is calculated using Landauer formula in a non-self-consistent
step, as described in Section 3.1. The second step is done with the “tbtrans” utility in the
package. The code reads in the Hamiltonian matrices, and constructs the Green’s function of
the extended molecule and the coupling matrices of the extended molecule to the two semi-
infinite leads via a surface Green’s function of the leads. Finally, the Green’s function and the
coupling matrices are used to compute transmission matrix using Landauer formula. The
transmission at a particular energy is the trace of the transmission matrix at that energy.

It is the second step that requires large number of cores, as a large number of k-points is
needed to converge the transmission function. The tbtrans utility parallelizes over k-points,
and the number of cores that can be used is up to the same number of k-points. In this way,
each core does a single k-point calculation. After an initial loading of the Hamiltonian
matrices of the two leads and the extended molecule, the code scales linearly as the number
of energy points, as each energy point needs to be calculated separately. Overall the code
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scales as O(N3), where N is the number of basis functions in the extended molecule, due to
the operations of matrix multiplication (Landauer step) and inversion (Green’s function

step).

Alternatively there is another version of the tbtrans utility in the trunk version of
TranSiesta. This new utility parallelizes over energy points, and after the initial loading, the
code scales linearly as the number of k-points, and each k-point needs to be calculated
separately. Overall the code scales O(N3), where N is the number of basis functions in the
extended molecule, just as explained in the previous paragraph. Depending on whether one
has more energy points or more k-points, one could choose from the two flavors of tbtrans
to achieve greater computational efficiency.

8.3.3 HPC Resources Used Today

8.3.3.1 Computational Hours

In 2013 we used about 19 Million hours at NERSC. We have additional time via NSF and
ALCC at ALCF (~10 Million hours)

8.3.3.2 Parallelism

At NERSC today we use anywhere from 100 to 30,000 cores in a run, depending on the
program being used (see above). The maximum number of cores we could problem use is
about 10,000 for DFT computations and about 100,000 for GW. We generally use fewer
than that for faster turn around when running multiple computations/steps at once. We do
many medium size systems, where the sweet spot (in terms of efficiency) is less than full
scale. We do not currently compute using High Throughput Computing mode, although this
is an area we would like to move into with GW computations on large sets of materials in
the future.

Both strong scaling and weak scaling are important. We would like to be able compute
large sets of medium size materials quickly (and potentially in parallel) as well as study

larger, more complex systems such as defects and interfaces etc.

8.3.3.3 Scratch Data

We typically consume about ~10-20TB of temporary disk space.

8.3.3.4 Shared Data

We currently have two project directories, m1694 and mftheory, that are used mostly for
sharing files among members.

8.3.3.5 Archival Data Storage

We currently have about 100 TB stored on HPSS.
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8.3.4 HPC Requirements in 2017

8.3.4.1 Computational Hours Needed

We estimate that we'll need about 250 million hours from NERSC in 2017. We expect to
have a significant allocation from NSF also.

The primary factor driving the need for more hours is that we plan to study more complex
and realistic systems and apply GW approaches to large material datasets for genomics-like
approaches.

8.3.4.2 Parallelism

We expect to use 50,000-100,000 for studying large systems and about 5,000-25,000 for
high-throughput studies of materials databases. The maximum that could be used is greater
than 100,000, assuming a hybrid MPI/OpenMP programming model. For our genomics-like
approaches we may have as many as ten or so jobs running concurrently and about 10
multiple tasks per job.

8.3.43 1I/0

We estimate having to write about 1-50TB for intermediate files (roughly equivalent of
checkpointing).

An 1/0 bandwidth of 100s of GB/s in practice would be ideal and less than 20% of run time
devoted to I/0 would be ideal.

8.3.4.4 Scratch Data

We estimate that ~100-200 TB would be ideal. It would allow us to run multiple large
concurrent calculations. The primary cause of this growth is increase in size and complexity
of the systems we simulate. Data needs scale as N*2 (where N is numbe